Several studies have shown that supplementing sows with L-carnitine during pregnancy and lactation increases their reproductive performance. Sows supplemented with L-carnitine had fewer stillborn piglets, more piglets born alive and greater litter weights (Musser et al. 1999b; Eder et al. 2001; Ramanau et al. 2002 Ramanau et al. , 2004 Ramanau et al. , 2005 . Moreover, it has been shown that litters of sows supplemented with L-carnitine gain more weight during the suckling period than do litters of control sows (Musser et al. 1999b; Eder et al. 2001; Ramanau et al. 2002 Ramanau et al. , 2004 Ramanau et al. , 2005 .
The postnatal growth of piglets depends on their intake of energy and nutrients with the milk (Pluske & Dong, 1998) . The contents of energy and nutrients, as well as the fatty acid composition of the milk, do not differ between control sows and sows supplemented with L-carnitine (Ramanau et al. 2004 (Ramanau et al. , 2005 . Using the weigh -suckle-weigh method, however, we have shown that the piglets of sows supplemented with L-carnitine are able to suckle more milk from the sow than are the piglets of control sows, which may explain their higher growth rate during the suckling period (Ramanau et al. 2004 (Ramanau et al. , 2005 .
The reason for the higher milk intake of piglets from sows supplemented with L-carnitine is unclear. The milk production of sows is strongly influenced by litter size, piglet weights and suckling intervals (King et al. 1997; Spinka et al. 1997; Auldist et al. 1998 Auldist et al. , 2000 . If piglets suckle more frequently, with shorter intervals between sucklings, they will obtain more milk, thus causing the sow's milk production to rise. The hypothesis of the present study was that piglets of sows supplemented with L-carnitine would be able to suckle more frequently or for longer periods owing to an increased L-carnitine status, obtaining more milk from the sow and therefore growing faster than the piglets of control sows.
To test this hypothesis, we performed two experiments with sows. In the first experiment, sows were assigned to a control group and a group supplemented with L-carnitine during pregnancy and lactation. After delivery, litters were standardised to an identical size in order to avoid the potential effects of differences in litter size on milk production, and were suckled from their mothers during a 28 d lactation period. The second experiment was performed to clarify whether alterations in the suckling behaviour of the piglets were due to prenatal or postnatal effects of L-carnitine. In that experiment, sows were assigned to a control group and a group treated with L-carnitine. After delivery, all the litters were taken away from their mothers and switched to other sows. Half of the control sows and half of the L-carnitine-supplemented sows were given litters born to control sows, the other half of each group being given litters born to L-carnitine-supplemented sows.
If an improvement in suckling behaviour were due to prenatal effects, litters born to sows supplemented with L-carnitine should have had a higher suckling activity and have grown faster during the suckling period than litters born to control sows, irrespective of whether they were suckled by control sows or by sows supplemented with L-carnitine. If the improved suckling behaviour of the piglets was due to postnatal effects of L-carnitine, litters suckled by sows supplemented with L-carnitine should have had a higher suckling activity and have gained more weight during the suckling period than litters suckled by control sows, irrespective of whether they were born to control sows or to sows supplemented with L-carnitine.
Materials and methods

Animals and housing
All animal procedures described followed established guidelines for the care and handling of laboratory animals and were approved by the regional council of Saxony-Anhalt.
The first experiment was performed with twenty-six crossbred sows (German Landrace £ Large White) in their second parity with a body weight of 179 (SE 3) kg. They were assigned to two groups, a control group and a group treated with L-carnitine, of thirteen sows each. Twenty-four hours after the weaning of their first litter, the sows received 800 IU pregnant mare serum gonadotrophin (Intergonan 6000; Intervet, Unterschleißheim, Germany) by intramuscular injection to stimulate oestrus. Seventy-two hours later they were injected with 500 IU human chorionic gonadotrophin (Ovogest 5000, Intervet). A further 26 h after that, they were artificially inseminated with sperm from Pietrain boars, a second insemination following 14 h later.
The second experiment was performed with 40 gilts (German Landrace £ Large White) with a body weight of 143 (SE 1) kg. They were assigned to two groups, a control group and a group treated with L-carnitine, of twenty sows each. Their sexual cycle was blocked for 15 d by the administration of Altrenogest (Regumate; Hoechst Roussel Vet. N.V., Frankfurt, Germany). Twenty-four hours after the last dose of Regumate, they were injected with 800 IU pregnant mare serum gonadotrophin, followed 80 h later by an injection of 500 IU human chorionic gonadotrophin (Ovogest 5000; Intervet). A further 24 h after the human chorionic gonadotrophin injection, they were artificially inseminated with sperm from Pietrain boars, followed by a second injection 14 h later.
In the first experiment, nine of the thirteen sows in the control group and all thirteen sows in the L-carnitine treated group conceived. In the second experiment, thirteen of the twenty sows in the control group and sixteen of the of the twenty sows in the L-carnitine treated group conceived. Farrowing was induced on day 115 of pregnancy by intramuscular injection of prostaglandin F 2a (Cloprostenol; Medistar GmbH, Holzwickede, Germany). Within 2 d after farrowing, the litter sizes of the sows to be considered during lactation were standardised to avoid potential effects of differences in litter size on milk production and weight gains of the litters during the suckling period. In the first experiment, litters of eight randomly selected sows from each group were standardized to eleven piglets per litter.
In the second experiment, litters of ten sows from each group were standardised to nine piglets per litter within 2 d of farrowing. Sows with more than nine or eleven piglets, respectively, had the surplus piglets taken away, and sows with fewer than nine or eleven piglets were given piglets from other sows of the same group. Piglets removed from sows and piglets given to sows were selected on the basis of their body weight. The average weight of piglets of each sow after litter standardisation was matched to that before standardisation. Surplus piglets were nursed by the remaining sows of each group that were not taking part in the study.
In the second experiment, all the litters were taken away from their mothers and switched to other sows. Litters of half of the control sows or L-carnitine-treated sows, respectively, were switched to sows of the other experimental group, and litters of the other half of each group were switched to different sows of the same treatment. This resulted in four combinations in the second experiment: piglets born to control sows and suckled by different control sows; piglets born to control sows and suckled by sows supplemented with L-carnitine; piglets born to sows supplemented with L-carnitine and suckled by control sows; piglets born to sows supplemented with L-carnitine and suckled by different sows supplemented with L-carnitine.
The sows were kept in single crates until day 30 of pregnancy. From day 30 to day 110 of pregnancy, the sows were kept in groups of six to eight in pens measuring 45 m 2 , which had fully slatted floors, nipple drinkers and electronic feeding stations. On day 110 of pregnancy, they were moved to the farrowing accommodation, where they were housed in single farrowing pens. Prior to farrowing, rubber mats were put down as a lying surface for the piglets. An IR heater was suspended above each rubber mat to keep the temperature for the newborn piglets at a constant 358C. Piglets were suckled for 28 d. The climate in the dry sow accommodation and the farrowing unit was maintained at a temperature of 19^28C and at 60-80 % relative humidity by means of an air-conditioning system. A light-dark cycle (12 h light-12 h dark) was applied.
Diets and feeding
In both experiments, two commercial sow diets were used, whose composition and nutrient concentrations are shown in Table 1 . The first diet ('gestation diet' SF-SATT; Deuka, Kön-nern, Germany) was fed during pregnancy. Two different batches of this diet were used in experiments 1 and 2, which varied slightly in their composition and nutrient concentrations. Until day 30 of pregnancy, each sow was fed 3·5 kg gestation diet individually. From day 30 to day 110 of pregnancy, when the sows were kept in groups, they had free access to the diets. The sows' daily feed intake was recorded by means of an electronic sow-feeding station (type IVOG 2FR VH; HokoFarm, Insentec B.V., Marknesse, The Netherlands). From day 110 of pregnancy to farrowing, each sow was fed 2·5 kg/d of this diet.
The second diet ('lactation diet'; Lactosan; Deuka) was fed during the lactation period. The same batches of this diet were used in experiments 1 and 2. On the day of farrowing, the sows were fed 1·5 kg of the diet, the amount then being successively increased (2 kg/d on days 1 and 2 of lactation; 4 kg/d on days 3-7 of lactation; 5·5 kg/d from days 8 to 14; 6·0 kg/d from days 15 to 25). Thereafter the sows received 5·0 kg/d until weaning on day 28. Water was provided from nipple drinker systems throughout the whole feeding period.
Supplementation of L-carnitine
Sows in the treatment group were supplemented with 125 mg L-carnitine/d during pregnancy and 250 mg L-carnitine/d during lactation. L-carnitine was given as tablets containing L-carnitine (62·5 mg/tablet), lactose and dextrose; Lohmann Animal Health, Cuxhaven, Germany). The tablets were administered once daily in the morning (09.00 hours) by hand. During pregnancy, each sow of the treatment group was given two tablets; during lactation, each sow was given four tablets. Amounts of L-carnitine administered to the sows during pregnancy and lactation were selected according to our recent studies (Ramanau et al. 2002 (Ramanau et al. , 2004 . Control animals were given the same tablets without L-carnitine.
Data recording
Body weights (using scales with an accuracy of 100 g) of the sows were recorded on days 1 and 105 of pregnancy and on the day of weaning. Individual piglets were weighed at birth (not later than 6 h after birth) and at 7, 14, 21 and 28 d of age using scales with an accuracy of 10 g. All the sows that conceived were evaluated for number of piglets born, piglet weights and litter weights at birth.
Determination of nutrients in the diets
Concentrations of crude nutrients in the diets were analysed according to the official German VDLUFA methodology (Bassler & Buchholz, 1993) . The metabolisable energy of the diet was calculated as recommended by the German nutrition society (Gesellschaft für Ernährungsphysiologie, 1987).
Analysis of L-carnitine in plasma, milk and diet
Piglets were bled by puncture of the venous plexus in the jugular fossa on day 1 (6 h postpartum) and at 14 and 28 d of age. Plasma was obtained by centrifuging the blood (1100 g, 10 min, 48C) and stored at 2 208C pending analysis. On the day of birth and on day 11 of lactation, the sows were given 15 IU oxytocin (Atarost GmbH&Co, Twistringen, Germany) by intramuscular injection, and 80 -100 ml milk was expressed manually from all the active teats of each sow. Milk was stored at 2 208C pending analysis.
The concentrations of total carnitine in plasma, milk and diet were determined by a radiochemical method, which is based on the conversion of carnitine to [ 3 H]acetylcarnitine by carnitine-O-acetyltransferase (McGarry & Foster, 1976) .
Determination of piglet suckling behaviour
In the first experiment, eight randomly selected sows from each group and their litters were filmed with a video camera (time-lapse cassette recorder: Panasonic AG-6124-E, Matsushita Electric Ind. Co. Ltd, Osaka, Japan; camera: Visicom B/W-Kamera CCD-BW2012, MHM Electronic GmbH, Lindhorst, Germany) over a 24 h period on days 3, 6 and 9 of lactation. In the second experiment, all the sows and their litters were filmed on day 3 of lactation. The video tapes were viewed with a video recorder (video recorder: Panasonic AG 7350-E; monitor: Panasonic WV-CM 1430, Matsushita).
The number of sucklings was counted, and the mean duration of one suckling act and total suckling time were measured with a stopwatch. A suckling act was deemed to have occurred if the number of piglets nursing the udder was at least 60 % of the sow's litter size (six piglets/litter in experiment 1; five piglets/litter in experiment 2). The total suckling time/d was calculated as the sum of the individual nursing episodes. As lactation progresses, piglets' suckling behaviour changes: piglets more often tend to nose the udder individually and fall asleep there, making an accurate distinction between suckling and sleeping piglets extremely difficult or speculative. For this reason, it was no longer possible to measure the suckling time after day 9 of lactation.
Statistical analysis
All statistics were carried out using SAS software (SAS institute Inc., Cary, NC, USA). All dependent variables in the first experiment, and the dependent variables of pregnancy and litter performance in the second experiment, were analysed with a mixed linear model (procedure mixed, version 8.2; SAS Institute Inc.) that included the treatment of sows (control sow v. sow supplemented with L-carnitine) as a fixed effect. In the second experiment, data on lactation were evaluated by using a mixed linear model (procedure mixed, version 8.2; SAS Institute Inc.) with treatment of sow (control sow v. sow supplemented with L-carnitine), origin of the piglet (piglet of control sow v. piglet of sow supplemented with L-carnitine) and their interaction as classification factors.
Results are expressed as least-square means and standard errors of the means. Means were considered significantly different for P, 0·05.
Results
Experiment 1: Feed intake and body weights of the sows during pregnancy and lactation, number and birth weights of piglets Body weights on days 1 and 10, and average daily feed intake during the entire pregnancy, did not differ between the two groups of sows. Taking all pregnant sows in the experiment, values for control sows (n 9) and sows supplemented with L-carnitine (n 13) were: body weight day 1, 177 v. 179 (SEM 3) kg; body weight day 108, 248 v. 242 (SEM 5) kg; daily feed intake, 3·4 v. 3·4 (SEM 0·1) kg. Taking only the eight sows from each group who were studied during lactation, there was again no difference in these parameters; for control sows (n 8) v. sows supplemented with L-carnitine (n 8) values were: body weight day 1, 176 v. 181 (SEM 5) kg; body weight day 108, 246 v. 247 (SEM 6) kg; daily feed intake, 3·3 v. 3·4 (SEM 0·1) kg. Body weight at weaning and feed intake during lactation also did not differ between the two groups of sows; for control sows (n 8) v. sows supplemented with L-carnitine (n 8): body weight at weaning, 208 v. 213 (SEM 7) kg; daily feed intake, 6·5 v. 6·4 (SEM 0·04) kg. Total litter size, number of piglets born alive and birth weights of the piglets and litters did not differ between control sows and sows supplemented with L-carnitine. Values for control sows (n 9) and sows supplemented with L-carnitine (n 13) were as follows: number of piglets born/litter, 11·2 v. 12·4 (SEM 1·0); number of piglets born alive/litter, 11·1 v. 12·3 (SEM 1·0); litter weight, 14·9 v.16·7 (SEM 1·2) kg; piglet weight, 1·37 v.1·38 (SEM 0·07) kg. The variation in body weights of the piglets in a litter was, however, lower in L-carnitine-supplemented sows than in control sows (the SD of piglet weights in the litters of control sows and the litters of L-carnitine-supplemented sows being 0·32 and 0·17 kg, respectively).
The sows which were considered during lactation also showed no differences in these parameters. Values for control sows (n 8) and sows supplemented with L-carnitine (n 8) were: number of piglets born/litter, 11·9 v.12·8 (SEM 1·0); number of piglets born alive/litter, 11·8 v. 12·6 (SEM 1·0); litter weight, 15·6 v. 17·5 (SEM 1·2) kg; piglet weight, 1·34 v. 1·42 (SEM 0·09) kg.
Experiment 1: Suckling behaviour and weight gains of the piglets during the suckling period
The suckling behaviour of the piglets was studied at 3, 6 and 9 d of age. On all 3 d, the number of sucklings/d was no different between piglets from the control sows and from the sows supplemented with L-carnitine (Table 2 ). On days 3 and 6, the average duration of one suckling was, however, significantly higher in the piglets of sows supplemented with L-carnitine than in the piglets of control sows (P, 0·05; Table 2 ). On day 9, the average duration of one suckling was marginally higher in the piglets of sows supplemented with L-carnitine than in the piglets of control sows (P, 0·10; Table 2 ). The total suckling time/d was higher in the piglets from sows supplemented with L-carnitine than in those from control sows on all 3 d (P, 0·05; Table 2 ).
Average body weights of the piglets after the standardisation of litter sizes to eleven piglets/litter did not differ between the piglets of control sows and of sows supplemented with L-carnitine (Table 2) . On days 7 and 28, body weights were greater in piglets from sows supplemented with L-carnitine than in piglets from control sows (P, 0·05; Table 2 ). On days 14 and 21, the piglets of sows supplemented with L-carnitine were also slightly heavier than those of control sows, but the differences were not significant (P.0·05; Table 2 ). The body weight gain between day 1 and day 28 was more in the piglets of sows supplemented with L-carnitine than in the piglets of control sows (P, 0·05).
Experiment 2: Feed intake and body weights of the sows during pregnancy and lactation, number and birth weights of piglets
The body weights on days 1 and 105, and the average daily feed intake during the entire pregnancy, did not differ between the two groups of sows. Taking all pregnant sows in the experiment, values for control sows (n 13) and sows supplemented with L-carnitine (n 16) were: body weight day 1, 144 v. 142 (SEM 2) kg; body weight day 105, 206 v. 204 (SEM 3) kg; daily feed intake, 3·0 v. 3·1 (SEM 0·1) kg.
Taking the ten sows of each group that were studied during lactation, there was again no difference in these parameters; for control sows (n 10) v. sows supplemented with L-carnitine (n 10): weight day 1, 143 v. 141 (SEM 2) kg; body weight day 105, 207 v. 205 (SEM 4) kg; daily feed intake during pregnancy, 3·1 v. 3·1 (SEM 0·1) kg. The average daily feed intake during lactation and weights at weaning did not differ between control sows suckling piglets born to control sows (feed intake 4·9 (SEM 0·3) kg/d; weight at weaning 208(SEM 7) kg), control sows suckling piglets born to sows supplemented with L-carnitine (feed intake 4·8 kg/d, weight at weaning 207 kg), sows supplemented with L-carnitine suckling piglets born to control sows (feed intake 5·1 kg/d, weight at weaning 207 kg) and sows supplemented with L-carnitine suckling piglets born to sows supplemented with L-carnitine (feed intake 4·5 kg/d, weight at weaning 203 kg).
Total litter size, number of piglets born alive and birth weights of the piglets and litters did not differ between control sows and sows supplemented with L-carnitine. Taking all pregnant sows in the experiment, values for control sows (n 13) and sows supplemented with L-carnitine (n 16) were: number of piglets born/litter, 10·9 v. 10·9 (SEM 0·8); number of piglets born alive/litter, 10·8 v. 10·6 (SEM 0·8); litter weight, 14·7 v.13·6 (SEM 0·9) kg; piglet weight, 1·38 v. 1·32 (SEM 0·04) kg. The variation in body weights of piglets in a litter was similar in the L-carnitine treated sows and the control sows (the SD of piglet weights in the litters of control sows and of L-carnitine-supplemented sows being 0·14 and 0·18 kg, respectively).
Taking the ten sows of each group that were studied during lactation, there was again no difference in these parameters; for control sows (n 10) v. sows supplemented with L-carnitine (n 10): number of piglets born/litter, 10·3 v. 10·9 (SEM 0·9); number of piglets born alive/litter, 10·2 v. 10·4 (SEM 0·9); litter weight, 14·2 v. 13·9 (SEM 0·9) kg; piglet weight, 1·41 v. 1·36 (SEM 0·06) kg.
Experiment 2: Concentrations of free and total carnitine in the milk of the sows and plasma carnitine concentrations of piglets at birth and during the suckling period
The sows supplemented with L-carnitine had higher concentrations of total L-carnitine in their colostrum (203 v. 151 (SEM 15) mmol/l, P,0·05; n 10 for each group) and milk on day 7 (127 v. 98 (SEM 9) mmol/l, P,0·05; n 10 for each group). The concentration of free L-carnitine in the milk was relatively low and did not differ between the milk from control sows and that from L-carnitine-supplemented sows, the values in control sows v. sows supplemented with L-carnitine being: colostrum, 10·1 v. 10·5 (SEM 1·2) mmol/l; milk on day 7, 44·4 v. 43·1 (SEM 5·4) mmol/l.
At birth, piglets born to sows supplemented with L-carnitine had higher concentrations of total carnitine in their plasma than did piglets born to control sows (P,0·05, Table 3 ). On day 14, the plasma carnitine concentrations of piglets born to control sows and of piglets born to sows supplemented with L-carnitine were no longer different, but piglets suckled by sows supplemented with L-carnitine had higher plasma carnitine concentrations than those suckled by control sows (P, 0·05, Table 3 ). On day 28, piglets born to sows supplemented with L-carnitine and suckled by sows supplemented with L-carnitine had the highest plasma carnitine concentrations, and piglets born to control sows and also suckled by control sows had the lowest. Nevertheless, ANOVA showed that the origin of the piglets and the treatment of the sow during lactation did not influence the plasma L-carnitine concentrations of piglets on day 28 (Table 3) .
Experiment 2: Suckling behaviour of the piglets and weight gains of the piglets during the suckling period
The number of sucklings/d at 3 d of age was no different between litters born to control sows and litters born to sows supplemented with L-carnitine (Table 4 ). There was also no difference in the number of sucklings between litters suckled by control sows and litters suckled by L-carnitine-supplemented sows. The average duration of one suckling was, however, higher in litters born to sows supplemented with L-carnitine than in litters born to control sows (P,0·05, Table 4 ). The total suckling time/d was also higher in litters from sows supplemented with L-carnitine than in litters from control sows (P, 0·05, Table 4 ). Litters suckled by control sows and litters suckled by sows supplemented with L-carnitine did not differ in the average duration of one suckling and the total suckling time/d. At birth, piglets born to control sows and those born to sows supplemented with L-carnitine did not differ in their weights (1·40 v. 1·36 (SEM 0·05) kg). Body weight gains between birth and day 7, and body weight gains between days 7 and 14, were greater in piglets born to sows supplemented with L-carnitine than in piglets born to control sows (P, 0·05), irrespective of whether they were suckled by control sows or by sows supplemented with L-carnitine (Table 5) . Body weights on day 14 were also significantly greater in piglets born to sows supplemented with L-carnitine than in piglets born to control sows (4·67 v. 4·32 (SEM 0·12) kg, P, 0·05). Body weight gains between days 14 and 21, and between days 21 and 28, did not differ between piglets born to control sows and those born to sows supplemented with L-carnitine ( Table  5 ). The weight gain during the entire suckling period (birth to day 28) did not differ between piglets born to control sows and those born to sows supplemented with L-carnitine (Table 5) . Body weights on day 28 did not differ between piglets born to sows supplemented with L-carnitine and those born to control sows (8·88 v. 8·50 (SEM 0·23) kg, P. 0·05). Litters suckled by sows supplemented with L-carnitine did not differ in their weight gains from those suckled by control sows during the entire suckling period (Table 5 ).
Discussion
In this study, sows were supplemented with L-carnitine during pregnancy and lactation. In both experiments, L-carnitine supplementation of the sows did not increase the weights of the litters or of individual piglets at birth. This is in disagreement with recent studies that have demonstrated, in large groups of sows, that L-carnitine supplementation significantly increased the weights of litters and of individual piglets (Musser et al. 1999b; Eder et al. 2001; Ramanau et al. 2002) . We are aware that, because of the small number of sows used, the experiments presented here are not suitable to study the effects of L-carnitine on litter parameters at birth. Interestingly, in both experiments, more sows conceived in the L-carnitine group than in the control group. This finding agrees with results of a recent study that also looked at a small number of sows (Birkenfeld et al. 2006) , suggesting that L-carnitine supplementation could improve the pregnancy rate of sows. However, no study with a larger number of sows has been performed that shows a beneficial effect of L-carnitine supplementation on pregnancy rate. In the first experiment of the present study, piglets from sows supplemented with L-carnitine had greater body weight gains during the 28 d suckling period than did piglets from control sows. This finding agrees with our recent studies (Eder et al. 2001; Ramanau et al. 2002 Ramanau et al. , 2004 Ramanau et al. , 2005 . Moreover, the first experiment demonstrates that the piglets of sows supplemented with L-carnitine are able to suckle for a longer time/d at 3, 6, and 9 days of age compared with the piglets of control sows.
The second experiment was designed to find out whether the beneficial effects of L-carnitine supplementation of sows on the suckling behaviour and growth of the piglets during the suckling period were induced during the piglets' prenatal or postnatal phase. We observed that piglets born to sows supplemented with L-carnitine were able to suckle for longer on day 3 and grew faster during the first 14 d of the suckling period than did piglets born to control sows, irrespective of whether they were suckled by control sows or by sows supplemented with L-carnitine. This observation demonstrates that the effects of L-carnitine supplementation during pregnancy were responsible for the higher postnatal growth of the piglets, and that L-carnitine supplementation of lactating sows did not influence the growth of the suckling piglets.
It has been shown that sows exposed to increased suckling demand, e.g. by nursing heavier piglets or nursing piglets more frequently, produce more milk (King et al. 1997; Auldist et al. 2000) . More prolonged suckling by the piglets may have imposed a greater suckling demand on the sow, which may in turn have stimulated the sow's milk production. We recently observed that the piglets of sows supplemented with L-carnitine are able to obtain more milk from the sow than are the piglets of control sows (Ramanau et al. 2004 (Ramanau et al. , 2005 . The present study shows that this effect is due to increased suckling activity by piglets born to sows supplemented with L-carnitine. The higher milk intake of the piglets as a result of increased suckling activity explains their higher growth rate during the suckling period.
We were unable, for technical reasons, to study the suckling behaviour of the piglets after day 9. As the piglets of sows supplemented with L-carnitine tended to have higher growth rates than the piglets of control sows, even in the last week of the suckling period, we assume that the piglets in those litters had a more favourable suckling behaviour and a higher milk intake than the piglets of control sows after day 9 as well. It has been shown that energy and nutrient contents, as well as the fatty acid composition of the milk, do not differ between sows supplemented with L-carnitine and control sows (Ramanau et al. 2004 (Ramanau et al. , 2005 . Milk composition might therefore not play a role with regard to differences in growth rate between piglets from control sows and from sows supplemented with L-carnitine. We cannot rule out the idea that the piglets of sows supplemented with L-carnitine might be suckled not only for a longer time each day but also with more vigour than the piglets of control sows. This hypothesis could not, however be tested in this study. The finding that piglets suckled by control sows did not differ in body weight gain from piglets suckled by sows supplemented with L-carnitine demonstrates that L-carnitine supplementation did not influence the milk yield of the sow. It has been shown that the size and the milk yield of the mammary gland increases with an increasing number of fetuses. This has been linked to a greater placental lactogen level (Forsyth, 1986; Forsyth & Wallis, 2002) . In a recent study, sows supplemented with L-carnitine had a significantly higher number of newborn piglets than control sows (Ramanau et al. 2004) . The increased number of piglets could have led to increased placental lactogen levels, which could in turn have led to increased mammary gland sizes; this may have contributed to the increased milk yield observed in the sows supplemented with L-carnitine in that study. In the present study, L-carnitine supplementation did not influence the number of piglets in both experiments and probably did not influence the release of placental lactogen and the development of the mammary gland. This matches with the finding that L-carnitine supplementation did not influence the milk yield of the sows.
The present study shows that L-carnitine supplementation during lactation does not influence the suckling behaviour of the piglets and their growth during the suckling period. This observation agrees with results of Musser et al. (1999a,b) , who studied the effects of L-carnitine supplementation during pregnancy and lactation separately. These authors showed that L-carnitine supplementation of the sows during pregnancy increased litter weight gains during the suckling period, whereas L-carnitine supplementation during lactation alone did not. There was some disagreement between the two experiments in that piglets born to sows supplemented with L-carnitine in the first experiment showed higher body weight gains during the entire 28 d suckling period, whereas in the second experiment they had higher body weight gains compared with the piglets of control sows only during the first 14 d. There could be several reasons for this discrepancy as the experimental conditions were not identical in the two experiments. Nevertheless, data from both experiments show that the L-carnitine supplementation of sows during gestation increases the weight gains of their litters during the suckling period, regardless of whether or not the sows received L-carnitine during lactation.
The reason for the increased suckling activity observed in piglets born to sows supplemented with L-carnitine is unclear. As the piglets of sows supplemented with L-carnitine did not differ from those of control sows in their initial body weights, and as litters were standardised to an identical number of piglets, the possibility that differences in litter sizes or piglet weights could play a role in influencing suckling behaviour and postnatal growth rates can be ruled out. It could be that the improved L-carnitine status at birth, as assessed by higher plasma L-carnitine concentrations, increased the suckling activity of the piglets from sows supplemented with L-carnitine.
Immediately after birth, L-carnitine plays an important role in energy production. During the intrauterine phase, the fetal supply of amino acids, glucose, minerals and fatty acids from the mother via the placenta is essential for fetal development. The rate of fatty acid oxidation in the fetus is low (Novak et al. 1981) . Immediately after birth, however, the oxidation of fatty acids becomes important because of the discontinuation of the glucose supply and the rapid exhaustion of glycogen stores (Warshaw & Curry, 1980) . Sufficient concentrations of L-carnitine in the tissues are required for the utilisation of fatty acids for energy production. L-Carnitine is required for both the release of fatty acids from adipose tissue and fatty acid utilisation (Hahn, 1982; Novak et al. 1975a,b) . We suspect that the piglets of sows supplemented with L-carnitine were able to switch on fatty acid oxidation faster than the piglets of control sows. Greater fatty acid oxidation leads to increased energy and heat production on the part of the piglets, which might in turn have increased their suckling persistence during the first few days after birth.
However, L-carnitine status alone cannot explain the differences in suckling behaviour and body weight gain between piglets born to sows supplemented with L-carnitine and those born to control sows. If L-carnitine status alone had been responsible for suckling behaviour and growth during the suckling period, piglets suckled by sows treated with L-carnitine would have grown faster than piglets suckled by control sows, at least after the second week, because they had higher plasma L-carnitine concentrations on day 14 than piglets suckled by control sows. Yet the weight gains of the litters did not differ between piglets suckled by sows supplemented with L-carnitine and those suckled by control sows. Musser et al. (1999b) suggested that the L-carnitine supplementation of sows increases the intrauterine nutrition and development of the fetuses. These authors also showed that piglets born to sows supplemented with L-carnitine had more muscle fibres, a greater loin depth, a higher percentage of lean and less backfat than the piglets of control sows, which might be due to higher maternal plasma concentrations of insulin-like growth factor-1 (Musser et al. 2000 (Musser et al. , 2001 . It is conceivable that improved fetal development as a result of maternal supplementation with L-carnitine could have led to increased piglet vitality at birth, which might have been associated with increased persistence of suckling. This suggestion remains speculative, however, because we did not measure parameters of piglet vitality.
It is known that the endogenous synthesis of carnitine is extremely low in the fetus and during the first week of life, increasing thereafter (Borum, 1981; Baltzell et al. 1987; Coffey et al. 1991) . Higher plasma L-carnitine concentrations at birth observed in piglets born to sows supplemented with L-carnitine might be due to an increased transplacental supply of L-carnitine to the fetuses. It has previously been shown that supplementing sows with L-carnitine increases their plasma L-carnitine concentration (Musser et al. 1999b; Ramanau et al. 2004 Ramanau et al. , 2005 . As L-carnitine can cross the placenta, increased maternal plasma L-carnitine concentrations may lead to higher fetal plasma carnitine concentrations (Lahjouji et al. 2004; Grube et al. 2005) . Higher plasma carnitine concentrations on day 14 in piglets suckled by sows supplemented with L-carnitine compared with piglets suckled by control sows might be due to a higher L-carnitine intake with the milk. The finding that the milk of sows supplemented with L-carnitine contains more L-carnitine than the milk of control sows agrees with the results of recent studies (Ramanau et al. 2004 (Ramanau et al. , 2005 . Interestingly, plasma L-carnitine concentrations on day 28 were no longer different between piglets suckled by sows supplemented with L-carnitine and piglets suckled by control sows.
In conclusion, this study shows that piglets born to sows supplemented with L-carnitine are able to suckle for longer in the early suckling period, obtain more milk and grow faster during the first 14 d of life than piglets born to control sows. It has also been shown that this effect is due to supplementation of the sows with L-carnitine during gestation. The practical implication of this study is that L-carnitine must be administered to sows during gestation to obtain beneficial effects on the growth of their litters during the suckling period.
